Background: Hyaluronan (HA), an extracellular glycosaminoglycan, is normally produced by three HA synthase (Has) enzymes. Results: Skin fibroblasts from Has1/Has3 double knock-out mice have higher Has2 expression and HA levels and are resistant to cell death after UVB exposure or serum starvation. Conclusion: HA modulates injury-induced apoptotic responses in fibroblasts. Significance: HA has an important role in cell death responses.
A balanced turnover of dermal fibroblasts is crucial for structural integrity and normal function of the skin. During recovery from environmental injury (such as UV exposure and physical wounding), apoptosis is an important mechanism regulating fibroblast turnover. We are interested in the role that hyaluronan (HA), an extracellular matrix molecule synthesized by HA synthase enzymes (Has), plays in regulating apoptosis in fibroblasts. We previously reported that Has1 and Has3 double knock-out (Has1/3 null) mice show accelerated wound closure and increased numbers of fibroblasts in the dermis. In the present study, we report that HA levels and Has2 mRNA expression are higher in cultured Has1/3 null primary skin fibroblasts than in wild type (WT) cells. Apoptosis induced by two different environmental stressors, UV exposure and serum starvation (SS), was reduced in the Has1/3 null cells. Hyaluronidase, added to cultures to remove extracellular HA, surprisingly had no effect upon apoptotic susceptibility to UVB or SS. However, cells treated with 4-methylumbelliferone to inhibit HA synthesis were sensitized to apoptosis induced by SS or UVB. When fibroblasts were transfected with Has2-specific siRNA that lowered Has2 mRNA and HA levels by 90%, both Has1/3 null and WT cells became significantly more sensitive to apoptosis. The exogenous addition of high molecular weight HA failed to reverse this effect. We conclude that Has1/3 null skin fibroblasts (which have higher levels of Has2 gene expression) are resistant to stress-induced apoptosis.
Dermal fibroblasts are crucial cellular components for the structural integrity of the skin. They serve as the primary producer of the extracellular matrix scaffold within the dermis (1-3), participate in a dynamic interplay with other cells, such as keratinocytes, and generate a diverse array of cytokines that bind to the extracellular matrix as well as to cell surface receptors that coordinate cellular activities within the tissue. Abnormal turnover of fibroblasts is a feature of various cutaneous pathologies. For example, in systemic sclerosis or scleroderma, fibroblasts from affected skin are abnormally resistant to Fasmediated apoptosis (4) , and the activity of the antiapoptotic protein kinase, Akt, is up-regulated in these fibroblasts (5) . In addition, profibrotic signaling pathways (i.e. TGF-␤) are hyperactive in the scleroderma-derived fibroblasts (6, 7) . Decreased susceptibility to apoptosis is also observed in fibroblasts isolated from hypertrophic scars and keloidal tissues (8, 9) and from patients with idiopathic pulmonary fibrosis (10, 11) . In contrast, an increase in susceptibility to apoptosis appears to contribute to other pathological conditions of the skin. Alikhani et al. (12) demonstrated that the advanced glycation end products generated in the skin of diabetic patients could enhance proapoptotic gene expression and stimulate fibroblast apoptosis, which could be potential contributors to delayed wound healing and chronic skin ulcers in these patients. In people with fair-skinned complexions (due to few active melanocytes), UV exposure from the sun causes considerable apoptosis of dermal fibroblasts (photodamage) and contributes to the development of photoaging (13) .
Hyaluronan (HA) 2 is a negatively charged, unbranched, nonsulfated glycosaminoglycan consisting of alternating disaccharide units of D-glucuronic acid and N-acetylglucosamine. HA is synthesized by hyaluronan synthases (HAS1, HAS2, and HAS3), which alternately add UDP-glucosamine and UDP-glucuronic acid residues to a growing HA polymer chain that is extruded out of the plasma membrane into the extracellular space. Among the three isoenzymes, HAS1 and HAS2 synthesize very large HA chains (average molecular mass, 2 ϫ 10 5 to 2 ϫ 10 6 Da), whereas HAS3 produces a smaller HA size range (1 ϫ 10 5 to 1 ϫ 10 6 Da) (14) . Studies from different groups have shown that HAS2 plays a predominant role in inducible HA synthesis in fibroblasts exposed to growth factors (15, 16) , including fibroblasts undergoing transformation to myofibroblasts (17) . Furthermore, down-regulation of Has2 gene expression is responsible for the inhibition of HA synthesis in skin fibroblasts in response to certain environmental stressors, such as UVB irradiation (18) . The activity of HAS enzymes can be regulated at the transcriptional level (15, 16, 19, 20) or at the posttranslational level by phosphorylation (21) , OGlcNAcylation (22), or ubiquitination (23) . The cellular content of UDP-sugar substrates (UDP-GlcUA and UDP-GlcNAc) also acts as a limiting factor in HA synthesis (24) . In addition, HAS2 can form homodimers as well as heterodimers with HAS3 in the plasma membrane; dimerization between two HAS enzymes may potentially regulate overall enzymatic activity. Karousou et al. (23) have shown that the activity of wild type HAS2 can be quenched by heterodimerization with a loss-of-function HAS2 mutant. Overall, HAS2 appears to be the predominant HA synthase in fibroblasts, but many open questions about the regulation of its activity remain.
Hyaluronan is the major component of the extracellular matrix in many tissues, and this is particularly true in skin (25) . We are interested in the role of HA in regulating fibrosis, a process in which fibroblasts undergo transformation to myofibroblasts (the cells that actually produce new extracellular matrix in the injured tissue). Several studies have shown that HA helps to regulate the TGF-␤-driven transformation of human lung fibroblasts into myofibroblasts (26) by facilitating the co-localization of epidermal growth factor receptor and CD44 (the major HA receptor) in lipid rafts within plasma membranes (17, 27) . However, a role for HA in regulating fibroblast viability and susceptibility to apoptosis has not been reported. Previous work from our laboratory showed that in mice lacking Has1 and Has3, healing skin wounds contain more fibroblasts and myofibroblasts at 5 days after excisional wounding relative to WT wounds (28) . This suggests that a change in the level of HAS enzyme expression and HA synthesis in vivo leads to a change in the equilibrium number of fibroblasts, either through an increase in proliferation, a decrease in apoptosis, or both.
The present study was designed to investigate how HA regulates fibroblast viability, either under normal physiological conditions or during stimulation by an environmental stress. Our data show that HA, especially the HA produced by HAS2 in fibroblasts, regulates cellular susceptibility to apoptosis through modulation of caspase-9 cleavage and downstream apoptotic pathway activation.
EXPERIMENTAL PROCEDURES
Primary Cell Culture-Primary mouse dermal fibroblasts were isolated from the skin of WT or Has1/3 null mouse pups at 2-3 days of age. C57BL/6J WT mice were obtained from JAX Laboratories (Bar Harbor, ME). Mice deficient in Has1 and Has3 (Has1/3 null) were generated as described previously (28) . Pups were euthanized in ice, and the entire trunk skin was removed and incubated overnight in 0.25% trypsin without EDTA, followed by mechanical separation of epidermis from dermis. To isolate fibroblasts, the dermis was finely diced and incubated with 400 units/ml collagenase type I (Worthington) for 30 min at 37°C and with DNase for 10 min at 37°C. The digested tissue suspension was passed through a 100-m cell strainer to eliminate large undigested tissue chunks. The hair follicles were removed by centrifugation in a 50-ml conical tube at 20 ϫ g for 3 min. Fibroblasts were collected and cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin mixture, at 37°C in a humidified 5% CO 2 incubator. Fresh growth medium was added every other day. Experiments were conducted after 1-2 cell passages. In some experiments, primary fibroblasts were grown in the presence of 25 g/ml HMW-HA (ϳ2 ϫ 10 6 Da; Lifecore Biomedical). Proliferation and Inhibition Assays-For proliferation assays, 5 ϫ 10 4 cells were plated in a 60-mm dish at day 0, and the cells were refed with fresh growth media daily. Every 24 h out to day 5, triplicate dishes of WT cells or Has1/3 null cells were trypsinized and resuspended in culture media, and total cell counts were obtained. For serum starvation experiments, cells were cultured in serum-free DMEM. For HA-inhibitory assays, 4-methylumbelliferone (4-MU) was obtained from Sigma-Aldrich, dissolved in DMSO at a concentration of 1 M, and subsequently diluted in medium to the desired concentration. Hyaluronidase from Streptomyces dysgalactiae was obtained from Calbiochem.
UV Source and Irradiation Protocol-UV light, with ϳ75% in the UVB (280 -320 nm) range, was delivered from a bank of UV lamps (RPR-3000A, Southern New England Ultraviolet, Branford, CT). With these bulbs, the percentages of total irradiance in the UVA/UVB/UVC spectral range were 16/74/10%, respectively; the UVC component was filtered out by a UVC filter (Kodacel, Eastman Kodak Co.). Exposure times for proper dose delivery were determined by measuring the energy output with a power meter (IL-1700, International Lights, Newburyport, MA). Murine fibroblasts in 60-mm dishes in DMEM lacking phenol red dye were exposed to UV light at 32 mJ/cm 2 , the previously reported LD 50 for primary murine keratinocytes when using this light source (29) , and harvested at the times indicated in the figures.
Inhibition of HAS2 Gene Expression by RNA Interference (RNAi)-Reverse transfection of primary mouse skin fibroblasts was performed with SMARTpool small interfering RNA (siRNA), targeted to Has2 mRNA or non-targeted scrambled siRNA (Thermo Scientific, Freemont, CA). For a 6-well tissue culture plate, 30 pmol of siRNA was mixed with 8 l of Lipofectamine RNAiMAX (Invitrogen) in 500 ml of Opti-MEM. The final duplex concentration was 100 nM. The siRNA/transfection reagent mixture was added to the plates first, followed by fibroblasts seeded at a density of 2. Western Blot Analysis-The primary antibodies for Western analyses were polyclonal rabbit anti-cleaved caspase-9 antibody (Cell Signaling Technology, catalogue no. 9509), polyclonal rabbit anti-active caspase-3 antibody (BioVision, catalog no. 3015-100), polyclonal rabbit anti-PARP antibody (Cell Signaling Technology, catalog no. 9542), and polyclonal rabbit anti-GAPDH antibody (Santa Cruz Biotechnology, Inc., catalog no. sc-25778). The secondary antibodies, goat anti-rabbit or goat anti-mouse IgG conjugated with horseradish peroxidase (HRP), were obtained from Jackson ImmunoResearch Laboratories (West Grove, PA). At the end of treatments, cells were scraped off of the culture plates, lysed in radioimmune precipitation assay buffer supplemented with protease inhibitor mixture (Millipore), diluted in 4ϫ NuPAGE LDS sample buffer (Invitrogen), and boiled at 70°C for 10 min. Equal amounts of protein were loaded in a 4 -12% gradient polyacrylamide gel (Invitrogen), separated by electrophoresis, and transferred to a PVDF membrane (Immobilon-P, Millipore). The membranes were blocked in 5% nonfat milk dissolved in Tris-buffered saline with 0.05% Tween 20 (TBS-T) for 1 h at room temperature before being probed with primary antibodies overnight at 4°C, followed by incubation of the appropriate secondary antibody for 1 h at room temperature. The resulting signals were developed using an ECL Western blotting detection reagent kit (GE Healthcare). Digital records were obtained from each blot and the protein bands of interest were quantified using onedimensional analysis software (Gel Logic, Carestream). Membranes were treated with stripping buffer (Re-Blot Plus Strong solution, catalogue number no. 2504, Millipore) and probed again using GAPDH as a loading control.
Particle Exclusion Assay-Exclusion of fixed red blood cells (RBCs) was used to visualize fibroblast pericellular HA coats. Fibroblasts were plated at a density of 30,000 cells/35-mm dish 24 h before the assay. To visualize the cell bodies, fibroblasts were incubated with calcein AM (Invitrogen; final concentration, 1 M) for 30 min just prior to the assay and then washed three times with DMEM. Formalin-fixed RBCs were purchased from Sigma and washed in PBS several times, and the pellet was resuspended in PBS at a concentration of 5.0 ϫ 10 7 cells/ml. The well mixed RBC suspension (100 l) was added to the 35-mm dish and incubated at 37°C for 10 min to allow the RBC to settle. Images were acquired using a Leica DMIRB inverted microscope (Leica Microsystems, GmbH, Wetzlar, Germany) with a Retiga SRV cooled CCD camera (QImaging, Surrey, Canada) and ImagePro Plus software (Media Cybernetics, Rockville, MD). Quantification of RBC-free pericellular areas (HA coats) was done using segmentation analysis with IP Lab imaging software (Scanalytics, Fairfax, VA).
Quantitation of HA and Chondroitin Sulfate (CS) by Fluorophore-assisted Carbohydrate Electrophoresis (FACE)-
The HA and CS content of skin fibroblast cultures (in cell layers and in conditioned media) was measured as described previously (28) . Briefly, after proteolytic digestion and ethanol precipitation/ purification steps, HA in the samples was digested into disaccharides using hyaluronidase from S. dysgalactiae (2.5 milliunits/l; 100741-1A, Seikagaku America Inc.), and CS in the samples was digested into disaccharides using chondroitinase ABC (25 milliunits/l; 100330-1A, Seikagaku America) and then labeled with 2-aminoacridone (Invitrogen). The labeled HA and CS disaccharides were electrophoresed on a Bio-Rad mini-PROTEAN Tetra system, in a gel composed of 20% acrylamide, 40 mM Tris acetate (pH 7.0), 2.5% glycerol, 10% ammonium persulfate, and 0.1% TEMED, at constant voltage (500 V) at 4°C for 50 min. Gels were imaged on a UV transilluminator at 365 nm using a CCD camera. The HA or CS disaccharide bands were quantified using ImageJ software, version 1.47V (National Institutes of Health).
RNA Isolation and Quantitative Real-time PCR-RNA was prepared from fibroblasts using TRIzol LS reagent (Invitrogen), following the manufacturer's instructions. The extracted RNA was then reverse-transcribed into cDNA using a random primer and Superscript III reverse transcriptase (Invitrogen). For quantitative real-time PCR (qPCR), TaqMan gene expression probes for Has1, -2, and -3 and Hyal1 and -2 and for 18 S ribosomal RNA as an endogenous control were purchased from Applied Biosystems (Foster City, CA). The above gene expression levels were measured in triplicate in both WT and Has1/3 null cell using the 2
Ϫ⌬⌬Ct method. The mRNA levels were presented as a -fold difference relative to the untreated normal control.
Immunofluorescence Microscopy-Fibroblasts, grown in 35-mm cell culture dishes, were fixed in 4% paraformaldehyde, and the cells were permeabilized with 0.1% Triton X-100/PBS prior to staining (to visualize total cellular HA, both intracellular and extracellular). To visualize extracellular HA only, staining was done without prior permeabilization. Cells were then incubated with a biotinylated HA-binding protein (bHABP; Millipore) at 4°C overnight, followed by incubation with Cy3-conjugated streptavidin (Jackson ImmunoResearch Laboratories) at room temperature for 1 h. For Ki-67 staining, a rabbit monoclonal antibody (Thermo Scientific) was used, followed by incubation with Cy3-conjugated donkey anti-rabbit IgG (Jackson ImmunoResearch Laboratories). Nuclei were counterstained with 4Ј,6-diamidino-2-phenylindole (DAPI). Images were acquired using a Leica DM5500B upright microscope (Leica Microsystems) with a Retiga SRV cooled CCD camera (QImaging) and ImagePro Plus software (Media Cybernetics).
Cell Viability Assays-At the specified time (either 12 h after UVB irradiation or after 4 h of serum starvation), the cells were washed with PBS, and a mixture of fluorescein diacetate (FDA; 50 g/ml) and ethidium bromide (EB; 4 g/ml) in DMEM was added to the cells as described previously (29) . After 3 min of incubation, cells were visualized under a fluorescence microscope using an FITC/TRITC filter. For each field, green (live) and orange (dead) cells were counted using IPLab imaging software and reported as a percentage of total cells. As another assay of apoptosis, DNA fragmentation was assessed in fibroblasts using a cell death detection ELISA kit (Roche Applied Science), which measures cytosolic nucleosomes at an absorbance of 405 nm. Data were normalized to the protein concentration of the sample.
Statistical Analysis-Statistical analyses were performed using a two-sided Student's t test. p Ͻ 0.05 was considered statistically significant.
RESULTS

Has1/3 Null Skin Fibroblasts Contain Higher Levels of HA
and Has2 mRNA than Normal-In order to investigate the role of HAS2 in regulating cellular behavior of mouse skin fibroblasts, primary fibroblasts were isolated from the dermis of WT mice or Has1/3 null mice (the latter having only the Has2 gene). The size of the HA-mediated pericellular coat was measured in both WT and Has1/3 null cells using a particle exclusion assay, which revealed that Has1/3 null fibroblasts form bigger pericel- NOVEMBER 14, 2014 • VOLUME 289 • NUMBER 46 lular HA coats than do the WT cells (Fig. 1A) . In addition, the levels of HA in both the cell layer and the media of fibroblast cultures were analyzed by FACE and found to be significantly higher in the cell layer of Has1/3 null cells when compared with WT cells (Fig. 1B) . Furthermore, Has2 mRNA levels were significantly higher in Has1/3 null cells than in the WT cells, as determined by qPCR (Fig. 1C) . Further analyses of mRNA levels of Has1, Has2, and Has3 in WT fibroblasts by qPCR revealed that Has2 is the predominant species (92.7%) in terms of gene expression level among the three isoforms in WT primary mouse skin fibroblasts (Fig. 1D) . On the other hand, there appears to be no difference in mRNA levels of hyaluronidase 1 and 2 (Hyal1 and Hyal2), the hyaluronan-degrading enzymes, between WT and Has1/3 null fibroblasts (Fig. 1E) . As part of our phenotypic characterization of these two types of cells, we examined proliferation rates through the use of growth curves and expression of Ki-67 (an established proliferation marker); however, no differences between Has1/3 null and WT cells could be detected in multiple experiments (data not shown).
Has2 and Resistance to Stress-induced Apoptosis
Levels of HA and Has2 mRNA in Has1/3 Null Skin Fibroblasts Are More Responsive to Environmental Stress than Are WT Cells-To explore the effect of UVB irradiation on HA production in mouse skin fibroblasts, we treated the cells with UVB at a moderate dose (32 mJ/cm 2 , which causes less than 50% lethality) and harvested the cells at different time points for analysis of HA levels by FACE. As shown in Fig. 2A , cell-associated HA in both WT and Has1/3 null cells increased gradually during the 24 h after UVB irradiation, and the phenotypic difference in HA level between Has1/3 null and WT cells remained consistent at most time points except for the last time point, 24 h after UVB irradiation, when there was no difference in HA level in the cell layer of both types of cells. On the other hand, HA levels in the conditioned media from both types of cells did not show any difference at most time points after UVB exposure until the last time point (24 h), when a higher level of HA was detected from the media of WT cells compared with that from Has1/3 null cells (Fig. 2B) . We then looked at changes in mRNA expression of the three Has isoforms in skin fibroblasts in response to UVB. First, as shown in Fig. 2C , Has2 mRNA levels in both WT and Has1/3 null skin fibroblasts decreased to about half of their initial values during the first 2 h post-UVB but then gradually recovered and exceeded baseline levels by 2-3-fold at 24 h. In addition, both Has1 and Has3 mRNA levels in WT cells are responsive to UVB exposure; Has1 mRNA showed a quick response right after UVB exposure and a steady increase to about 16-fold over baseline at 24 h (Fig. 2D) ; Has3 mRNA showed a delayed but robust increase, which started 8 h after UVB exposure and reached 250-fold at 24 h (Fig. 2E) .
To explore HA responses in fibroblasts subjected to other types of environmental stress, we treated cells with serum starvation, which causes endoplasmic reticulum stress in the cells (30, 31) . As shown in the time course in Fig. 3A , HA levels in the cell layer of Has1/3 null cells decreased significantly over the first 8 h of serum starvation and then began to recover, whereas no dramatic initial decline in HA was seen in WT controls. On the other hand, HA levels in the media of both WT and Has1/3 null skin fibroblasts gradually rose, beginning at ϳ6 h of serum starvation, exceeding baseline levels by 3-4-fold at 24 h (Fig.  3B) . Consistent with these observations, Has2 mRNA decreased quickly after the start of serum starvation, reached a nadir around 2 h, and then recovered in a time-dependent manner (Fig. 3C ). In addition, Has1 mRNA levels in WT cells rapidly decreased to about 7% of initial levels and stayed below 21% of initial levels during the remainder of serum starvation (Fig. 3D) . The Has3 mRNA level in WT cells was not significantly affected by serum starvation (Fig. 3E) . Overall, these results are consistent with a high dependence of Has2 expression upon environmental stressors; the latter appear to affect relative HA production more profoundly in the Has1/3 null cells, which only express Has2.
Has1/3 Null Skin Fibroblasts Are Resistant to Apoptosis Induced by either UVB Irradiation or Serum Starvation-Next, we compared the sensitivity of WT and Has1/3 null skin fibro- Ϫ⌬⌬Ct method and displayed as a percentage of total Has expression. E, hyaluronidase 1 and 2 (Hyal1 and Hyal2) mRNA levels in WT and Has1/3 null cells, as determined by qPCR. In C and E, each data point represents the mean Ϯ S.E. of three independent experiments. *, significantly different from WT by Student's t test.
blasts to environmental stress-induced apoptosis. Cells were treated with either UVB irradiation or serum starvation and then analyzed for cell death using a live/dead assay (FDA/EB staining). As shown in Fig. 4 (A, AЈ, and B) , there were fewer ethidium bromide-positive dead cells in Has1/3 null cultures than in WT cultures at 12 h after UVB irradiation. Likewise, after serum starvation (4 h), fewer dead Has1/3 null fibroblasts were observed; see Fig. 4 (C, CЈ, and D) .
To further delineate the difference in apoptotic responses between the two types of cells, we treated fibroblasts with UVB irradiation or serum starvation and harvested the cells at different time points to investigate the activation of caspase enzymes. NOVEMBER 14, 2014 • VOLUME 289 • NUMBER 46
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We analyzed the cleavage of procaspase-9 and procaspase-3 into their corresponding activated forms and also the cleavage of PARP (an established substrate for the activated caspases) by Western blotting. As shown in Fig. 5A , activation of caspase-9 and caspase-3 and cleavage of PARP were triggered in both WT and Has1/3 null cells at 12 h after UVB irradiation. However, caspase activation and PARP cleavage were significantly less in Has1/3 null cells than in WT cells at 12 h. In comparison with UVB, serum starvation triggered a relatively rapid activation of caspases and cleavage of PARP at 2 h, which peaked at 6 h after the start of serum starvation. Here again, the amount of procaspase and PARP cleavage was less in Has1/3 null cells than in WT cells (at 2 and 4 h) (Fig. 5B ), but the difference disappeared when apoptosis reached its peak around 6-h serum starvation in both types of cells. Despite differences in the time course of apoptosis following serum starvation versus UVB, the reduced susceptibility of Has1/3 null fibroblasts to caspase activation was a remarkable and consistent feature.
For completeness, we also looked for changes in caspase-8 (the main sensor of plasma membrane damage), in addition to caspase-9 (which responds to mitochondrial damage) and caspase-3 (the common downstream effector) (32). However, no caspase-8 was detectable in these primary murine fibroblasts, even under conditions that triggered caspase-9 and PARP cleavage (data not shown).
Removal of HA from the Extracellular Matrix Does Not Alter the Relative Resistance of Has1/3 Null Cells to Apoptosis-Many
studies have demonstrated that HA in the extracellular matrix plays an important role in regulating various cellular behaviors (17, 33, 34) . Our observation that Has1/3 null fibroblasts have a relatively larger extracellular HA coat and are also more resistant to apoptosis led to the obvious question of whether apoptosis resistance might depend upon the size of the HA coat. To address this question, we enzymatically removed the extracellular HA using hyaluronidase; the efficient digestion of HA was confirmed by staining non-permeabilized cells with bHABP (Fig. 6A) . Fibroblasts with or without preincubation with hyaluronidase were treated with UVB irradiation (Fig. 6B ) or serum starvation (Fig. 6C) to induce apoptosis. To our surprise, degradation of extracellular HA did not trigger caspase activation; nor did it have any effect upon caspase activation in cells treated with UVB (Fig. 6B) or serum starvation (Fig. 6C) . This result indicates that the increased resistance to apoptosis in Has1/3 null fibroblasts is not mediated by HA in the extracellular matrix. . GAPDH was used as a loading control. B, Western blots as in A, from fibroblasts harvested at different times after serum starvation. Data in the table below these blots are the mean from densitometric scans in the corresponding lane, averaged from two independent experiments; the variance was less than 20% of the mean in all cases.
Pretreatment with 4-MU Decreases Intracellular Levels of HA and Has2 mRNA and Sensitizes the Cells to Apoptosis-To fur-
ther explore the role of cellular HA and Has2 in mediating susceptibility to apoptosis, we treated fibroblasts with 4-MU, a well recognized inhibitor of HA synthesis (35, 36) . As shown in Fig. 7, 4 -MU treatment at a dosage of 1 mM for 6 and 12 h effectively inhibited overall HA synthesis (measured by FACE) in WT and Has1/3 null cells (Fig. 7, A and B) , with no effect upon an unrelated glycosaminoglycan, CS (data not shown). Inhibition of HA synthesis was relatively greater in the Has1/3 null cells, as evidenced in both the cell layer (Fig. 7A ) and the media (Fig. 7B) . At the same time, a comparison of extracellular HA (by HABP staining of non-permeabilized cells) versus intracellular HA (by bHABP staining performed after hyaluronidase digestion and subsequent permeabilization) revealed that intracellular HA levels are proportionally more affected than extracellular HA levels after a 6-h treatment with 4-MU (Fig.  7C ). The 6-h 4-MU treatment also significantly inhibited Has2 gene expression in both types of cells (Fig. 7D) and Has1 gene expression in WT cells (Fig. 7E) , as determined by qPCR analysis. This result is consistent with observations from other groups (35, 36) . Importantly, the 6-h treatment with 4-MU alone was not cytotoxic because it did not trigger apoptosis, yet it clearly sensitized the cells to apoptosis induced by either UVB (Fig. 7F) or serum starvation (Fig. 7G) , as can be seen by examining the last two lanes in each set of Western blots.
Knockdown of Has2 Gene Expression Using Targeted siRNA Sensitizes the Cells to Apoptosis-Seeking a way to inhibit HA synthesis more specifically, we reduced Has2 gene expression via RNAi using Has2-targeted siRNA transfection. Efficient knockdown of Has2 gene expression was confirmed by qPCR (Fig. 8A) . Interestingly, a 2-fold increase in Has1 gene expression in WT cells was observed in response to Has2 knockdown (Fig. 8B) , whereas Has3 was unchanged (Fig. 8C) . This up-regulated Has1 gene expression was not sufficient to compensate for the loss of HA synthesis capacity in the WT cells caused by Has2 gene knockdown, because an effective inhibition of HA accumulation in both the cell layer and media (Fig. 8D ) of both WT and Has1/3 null cells was detected by FACE analysis. After transfection with either Has2-targeted or non-targeted scrambled siRNA, fibroblasts were challenged with UVB or with serum starvation to trigger apoptosis. Has2 RNAi did not trigger caspase activation on its own (Fig. 8F, lanes C and D) but did enhance caspase activation in cells exposed to UVB irradiation (Fig. 8E, lanes 7 and 8) or serum starvation (Fig. 8F, lanes 7 and  8) , indicating that Has2 RNAi sensitizes fibroblasts to stressinduced apoptosis. Furthermore, Has2 RNAi diminished the phenotypic difference in apoptosis susceptibility between Has1/3 null and WT cells. For example, in Fig. 8E , compare the value of c-CASP-3/GAPDH in lanes 7 and 8 (equivalent intensities) with that in lanes 5 and 6 (different intensities), or in Fig.  8F , compare the value of c-CASP-3/GAPDH in lanes 7 and 8 (equivalent intensities) with that in lanes 5 and 6 (different intensities).
The Addition of High Molecular Weight HA Failed to Abrogate the Apoptosis Sensitization Caused by Has2 RNAi-Vigetti et al. (37) reported that HMW-HA effectively prevents the apoptosis of human aortic smooth muscle cells caused by 4-MU treatment. In order to test whether HMW-HA could protect skin fibroblasts against apoptosis, HA synthesis in fibroblasts was first inhibited by knockdown of Has2 gene expression with RNA interference, followed by the addition of HMW-HA to the culture media during serum starvation or immediately following UVB exposure. As shown in Fig. 9 (A and B) , adding HMW-HA back to the media failed to protect the fibroblasts against cell death induced by either UVB or serum starvation (compare lane 3 with lane 2 in the corresponding figure panels). Nor did HMW-HA rescue the Has2 RNAi-induced sensitization to apoptosis (compare lane 7 with lane 6), as determined by a cell death ELISA.
DISCUSSION
In this work, we have examined how the loss of HAS1 and HAS3 (two of the three known HAS enzymes) can affect HA synthesis, cell growth, and cell survival in primary skin fibroblasts. We found that Has2 gene expression and levels of HA are higher at baseline in Has1/3 null skin fibroblasts than in WT cells. Under stressful conditions, either UVB exposure or serum starvation, Has2 expression initially declines but then fully recovers in both the WT and the Has1/3 null fibroblasts, suggesting that inducible HAS2 enzyme activity plays a major role in both types of cells. Furthermore, we found that Has1/3 null cells are more resistant to stress-induced apoptosis than are WT cells. This resistance is not mediated by HA in the extracellular matrix, because removal of the pericellular HA coat does not abrogate resistance and because the addition of exogenous HA does not confer resistance to environmental stress. On the other hand, either 4-MU or Has2 RNAi treatment successfully rendered the cells more sensitive to apoptosis, suggesting that the apoptosis resistance in fibroblasts is mediated either by intracellular HA synthesized by HAS2 or by some unknown HA-independent function of HAS2. Interestingly, a recent study from the Heldin group (38) showed that it was HAS2 and not extracellular HA that plays a crucial role in regulating TGF-␤-induced epithelial-mesenchymal transition and cell migration, which suggests an HA-independent role of HAS2 as a signaling molecule. Overall, the findings suggest that either HA synthesis driven by HAS2 or HAS2 itself is crucial to maintain cell viability, especially under stressful or diseased conditions. These findings will now be discussed in more detail.
Increased Hyaluronan Synthesis in Has1/3 Null Skin Fibroblasts-Prior to analyzing the HA content in Has1/3 null cells, we had anticipated that HA synthesis in the cells might be decreased due to the loss of both Has1 and Has3. But contrary to expectations, HA levels and Has2 gene expression were observed to be higher in Has1/3 null fibroblasts than in WT cells. Several mechanisms could contribute to increased HA accumulation in Has1/3 null fibroblasts. First, up-regulated Has2 gene expression could be at least partially responsible for the higher amount of HA observed in the Has1/3 null cells. for either 6 or 12 h were quantified by FACE analysis. C, quantitation of fluorescence intensity of extracellular HA (left) and intracellular HA (right) staining with bHABP, in skin fibroblasts treated with 4-MU for 6 h and analyzed by image processing. Gray bars, no 4-MU; black bars, ϩ4-MU. *, p Ͻ 0.05 by Student's t test (significant difference from vehicle-treated cells). Changes in Has2 mRNA levels in both types of fibroblasts (D) or in Has1 and Has3 mRNA levels in WT fibroblasts (E), treated with 4-MU (1 mM) or vehicle alone for 6 h, were analyzed by qPCR. Each data point is the mean Ϯ S.D. of two independent experiments. F, representative Western blots of cleaved caspase-9 and -3 and cleaved PARP in skin fibroblasts treated with 4-MU or vehicle control for 6 h, followed by 32 mJ/cm 2 UVB (4-MU ϩ UVB and Veh ϩ UVB). G, Western blots of cleaved caspase-9 and -3 and cleaved PARP in skin fibroblasts treated with either 4-MU or vehicle control for 6 h followed by 4 h of serum starvation (4-MU ϩ SS and Veh ϩ SS). GAPDH, loading control.
Silencing of the two enzymes, HAS1 and HAS3, apparently contributes to increased expression of Has2 mRNA, suggesting that expression of Has1, Has3, or both has a negative regulatory effect on Has2 gene expression at the transcriptional level. Growth factors and cytokines have been shown to either induce or repress Has2 gene expression by regulating transcription factors that bind to response elements in the Has2 promoter (24) . The promoters for Has1 and Has3 are less well studied, but one can speculate that deletion of the Has1 and Has3 genes might increase the availability of certain transcription factors to stimulate Has2 transcription. A second reason that HA synthesis might be increased in Has1/3 null fibroblasts is an enhancement of HAS2 protein stability and enzyme activity. HAS2 undergoes regulation at the post-translational level; Vigetti et al. (22) reported that HAS2 can be O-GlcNAcylated on serine 221, resulting in a significant enhancement of both the stability and activity of HAS2, and this O-GlcNAcylation is regulated by cytosolic availability of UDP-GlcNAc. It would be interesting if one or more post-translational changes occur that stabilize the HAS2 enzyme and increase its enzymatic activity in cells lacking Has1 and Has3. We hope to pursue this possibility in subsequent work. A third potential mechanism involves heterodimerization of HAS proteins. Karousou et al. (23) showed that HAS2 and HAS3 can dimerize with each other, and a lossof-function mutation in one unit of the dimer significantly decreases the overall enzymatic activity. This observation suggests that in WT fibroblasts, HAS2 might be dimerized to some extent with other HAS proteins, whereas in the Has1/3 null cells, HAS2 can only form homodimers. Increased HA synthesis in the Has1/3 null cells would be consistent with loss of an inhibitory effect of heterodimerization between HAS2 and HAS3 or between HAS2 and HAS1. A fourth possibility to explain up-regulation of HA synthesis in the Has1/3 null cells would be a significant difference in affinity of the various HAS enzymes for sugar substrates (e.g. a higher affinity and/or slower reaction kinetics with HAS1 and/or HAS3 as compared with HAS2). The Tammi group (39) recently presented evidence that HAS1 is relatively less active than HAS2 or HAS3 in a transfected cos-1 cell system; if the situation is similar in fibroblasts, this might argue against a substrate affinity-based mechanism contributing to the HA changes that we observe. A fifth possibility (i.e. that an increase in accumulation of HA is due to a relative decrease in hyaluronan catabolism in the Has1/3 null cells) appears to be ruled out because Hyal1 and Hyal2 are unchanged in the Has1/3 null cells (Fig. 1E) .
Alteration of HA Synthesis and Has2 Gene Expression in Fibroblasts in Response to Environmental Stress-As mentioned in the Introduction, fibroblast proliferation and survival is an essential component of repair processes in the skin following injury from external factors, such as UV radiation and physical wounding. For example, the skin is the organ most susceptible to UV-induced damage from the sun (13) . Various groups have investigated UVB-induced changes in HA production either in vivo or in vitro. Averbeck et al. (40) reported that HA NOVEMBER 14, 2014 • VOLUME 289 • NUMBER 46 production decreased at 3 h and then increased 24 h after UVB exposure in HaCaT human keratinocyte cell cultures but remained suppressed in cultured human fibroblasts. Further study of human skin in vivo yielded results consistent with the in vitro findings (40) . Rauhala et al. (41) showed that a single, acute UVB exposure of rat epidermal keratinocytes in monolayer and organotypic cultures induced a persistent elevation of Has2 gene expression at 8 h after exposure, along with an accumulation of HA, and that these effects are mediated by p38 and Ca 2ϩ /calmodulin-dependent protein kinase II. On the other hand, a series of reports from the Fischer group (42) demonstrated that chronic UVB exposure caused a significant loss of HA from the dermis of mouse skin and decreased gene expression of all three HAS enzymes in the dermis. The UVB-induced down-regulation of Has2 was mediated by the activation of ␣ V ␤ 3 -integrin induced by collagen fragments (18) . Another group reported that a single UVB exposure caused an increase in chondroitin sulfate but not in other glycosaminoglycans, including HA, in human skin (43) . This illustrates that results from different studies vary substantially, depending upon tissue type, cell type, wavelength, and dosage of UV radiation as well as the timing of observations. In the present study, primary skin fibroblasts were exposed to a single dose of 32 mJ/cm 2 UVB, which induced a time-dependent increase of both Has2 gene expression and HA synthesis in skin fibroblasts observable mainly at 12 and 24 h (Fig. 2, A-C) . The phenotypic difference between Has1/3 null and WT cells, in which HA and Has2 were higher in the Has1/3 null cells at most time points after UVB exposure, attests to a predominant role of Has2 in this system, especially at baseline level or normal physiological conditions. However, under stressful conditions, Has1 and Has3 in WT cells could be mobilized and play a more important role in generating HA, especially when Has2 function is either suppressed or saturated at this condition. In our study, at the late time point (24 h) after UVB irradiation, HA levels in WT cells caught up to the HA levels in Has1/Has3 null cells (Fig. 2, A and  B) , which may be explained by the induction of Has1 and Has3 expression observed in the WT cells at 24 h after UVB (Fig. 2, D  and E) .
Has2 and Resistance to Stress-induced Apoptosis
To emulate some aspects of the stress that occurs in wounded or ischemic tissues, we subjected fibroblasts to serum starvation. In the Has1/3 null cells, Has2 mRNA expression declined rapidly (down ϳ70% at 2 h), perhaps due to withdrawal of the serum growth factors known to sustain Has2 transcription (24); Has2 then recovered to control levels by 12 h (Fig. 3C) . In contrast, Has1 mRNA was significantly suppressed (Fig. 3D) , and Has3 mRNA levels were relatively unaffected (Fig. 3E) by serum starvation. Levels of cell-associated HA levels lagged behind the changes in Has2, as might be expected (Fig.  3A) . Interestingly, in contrast to the changes in cell-associated HA in Has1/3 null cells, HA levels in the cell layer of WT cells remained essentially constant during 24 h of serum starvation (Fig. 3A) . HA levels in the media from both types of cells showed a moderate increase during the course of serum starvation (Fig. 3B) , probably due to the HA released into the media from the apoptotic cells. Overall, these data suggest that the presence of all three Has isoforms acts to maintain HA synthesis at a relatively constant level under stressful conditions.
Hyaluronan and Has2-mediated Resistance to Apoptosis in Skin Fibroblasts-HA and HA-dependent extracellular matrices are already known to play an important role in regulating various cellular behaviors, including proliferation, migration, and cellular adhesion in different tissues (34) , and in regulating TGF␤-1 induced transformation of fibroblasts into myofibroblasts during wound healing processes (17) . However, the role of HA in regulating cell death and survival has proven to be very complicated. HA is reported to protect against apoptosis and to promote survival in various types of cells, including granulosa cells (44) , articular chondrocytes (45, 46) , and human aortic smooth muscle cells (37) . In contrast, other studies showed that HA treatment induces cell death in cultured human gingival fibroblasts (47) and lymphoma cell lines (48) . Thus, the regulatory effect of HA upon cell viability appears to depend upon cell context, even when controlling for the size of HA, because high molecular weight HA has been shown to either promote cellular survival (37) or induce cell death (49) in different cell types.
In our current study, which showed that Has1/3 null fibroblasts overexpress HA, produce large extracellular HA matrices, and are resistant to stress-induced apoptosis, we initially expected that the resistance to apoptosis would involve pericellular (extracellular) HA. This preconception was based upon published studies, done mainly in cancer cells, showing that cell death, growth, and survival can be regulated by interactions of HA with HA receptors (mainly CD44) on the plasma membrane (21, 33, 49, 50) . Our finding that removal of the pericel- lular HA coat neither affects cell viability nor sensitizes the cells to apoptosis came as a surprise and motivated us to confirm the observation in a number of ways. First we employed 4-MU, a well established HA synthesis inhibitor that is proposed to work by depleting the GlcUA substrates and by repressing Has2 and Has3 gene expression (35, 36) . Interestingly, 4-MU has also attracted attention recently as a potential chemotherapeutic agent (51-53). We chose the dose of 4-MU (1 mM) based upon work by Vigetti et al. (36) in human aortic smooth muscle cells (myocytes). We reasoned that fibroblasts (which undergo transformation to myofibroblasts in wounds) might be comparable with myocytes, and indeed, a 4-MU (1 mM) treatment of 6 h was sufficient to suppress Has2 gene expression and to reduce HA production (markedly for secreted HA, less so for cell-associated HA; Fig. 7, A and B) . Importantly, despite a minimal effect of 4-MU upon cell-associated HA (the pericellular coat), 4-MU was able to completely reverse the resistance to apoptosis in Has1/3 null fibroblasts and to sensitize the WT cells to apoptosis (Fig. 7, F and G) . To corroborate the results of the 4-MU treatment, we specifically inhibited Has2 gene expression using siRNA transfection and showed a similar result (Fig. 8) . As a third form of validation, we performed experiments in which high molecular weight HA was added back to cultures in which HA synthesis had been inhibited by Has2 siRNA (Fig. 9) . The results showed that exogenous HA had no protective effect upon UVB-induced or serum starvation-induced apoptosis. This contrasts with findings by Vigetti et al. (37) , in which the addition of exogenous HA was shown to protect human aortic smooth muscle cells from cell death caused by 4-MU treatment; major differences in cell type, culture conditions, and inhibitors used could easily explain the different outcomes.
Another observation worthy of mention is the fact that differences in apoptotic resistance between WT and Has1/3 null cells only occurred at early time points during stress (before 12 h after UVB exposure and before 4 h after serum starvation) but then became equivalent. We attribute this to the highly likely possibility that other compensatory mechanisms are activated over time, ultimately masking the initial differences between cell-specific responses to the stressful conditions.
Our investigation has provided results that suggest involvement of Has2 in classical apoptotic pathways. Environmental stress was shown to trigger cleavage of caspase-9 (and of its downstream targets, caspase-3 and PARP) in the fibroblasts. Caspase-9 cleavage was less in the Has1/3 null fibroblasts, suggesting that HA or Has2 may affect processes occurring in mitochondria, the source of signals that activate caspase-9 (32). The other major apoptotic pathway, mediated by caspase-8 activation (triggered by signals from proapoptotic receptors, such as Fas and TNF␣, in the plasma membrane) is unlikely to play a role here because caspase-8 is not detectable in the murine skin fibroblasts (data not shown). The mechanism by which HA or the activity of HAS2 affects caspase-9 cleavage and whether this involves modulation of mitochondrial membrane potential or mitochondrial proteins involved in apoptosis will be a focus of ongoing and future studies.
In conclusion, the present study shows that the ability of skin-derived fibroblasts to generate HA and to form a pericellular HA coat is significantly enhanced in Has1/3 null cells. In addition, Has2 gene expression is significantly up-regulated in the Has1/3 null fibroblasts, suggesting that the other two HA synthase isoforms (Has1 and Has3) might exert negative regulation on Has2 gene expression. Has1/3 null skin fibroblasts are more resistant to apoptosis induced by environmental stress, and this enhanced apoptosis resistance in Has1/3 null cells is not mediated by the pericellular HA coat but is dependent on Has2 gene expression and HA synthetic activity in the cells. This suggests that HA synthesis driven by Has2 or an HA-independent function of Has2 plays an indispensable role in protecting the cells against apoptosis. These findings provide novel mechanistic insight into how Has2 and hyaluronan synthesis regulate the turnover and function of fibroblasts under normal physiological and certain pathological conditions.
